I. INTRODUCTION

H
IGH resolution, high efficiency positron emission mammography (PEM) systems [1] and animal positron emission tomography (ANIPET) systems [2] have been developed and constructed in the Montreal Neurological Institute of McGill University. The detectors in PEM and ANIPET systems consist of bismuth germanate (BGO) crystal blocks optically coupled to Hamamatsu R3941-05 position sensitive photomultipliers (PS-PMTs). The detector field-of-view (FOV) is 56 mm 64 mm. The timing resolution is 8.7 ns [3] .
In order to improve the detector FOV and achieve better spatial resolution, we chose the small PS-PMT R7600-C12 [4] to build new high spatial resolution PEM and ANIPET detectors. Front-end position and timing electronic circuits for these new detectors have been developed, and crystal identification methods for both proximal and distal layer side irradiation have been investigated.
A. Anode Position Readout Schemes
Many different schemes for anode readout circuits [5] - [9] are based on the fact that a PMT behaves as an almost perfect current generator-the anode current depends only on the incident flux and is completely independent of the load [10] . The common method of reading out anode signals from a single PS-PMT is to combine all or anode wires through a resistor divider chain. Then only four ( , and ) position signals are output, regardless of the number of anode wires. Since the PS-PMT R7600-C12 has anode wires, this method reduces the number of processing signals by a factor of three.
Each detector panel in our new PEM and ANIPET cameras comprises sixteen R7600-C12 PS-PMTs. After going through the divider chain, we need to process , and 16 (PMTs) individual position signals for each detector. So it is necessary to investigate further compression methods to simplify the electronics complexity. Some approaches, like combining PMTs through common and resistive dividers, have been applied in the detector with multiple multichannel PMT (MC-PMT) and PS-PMT applications [7] - [9] .
We developed a new method to simplify the position circuits by combining four PS-PMTs with four ( , and ) position outputs. The new arrangement will reduce the number of processing signals by an additional factor of four. In the low count rate application, this method can be extended to achieve more compression by combining 9 or 16 PS-PMTs while keeping the number of outputs fixed at four.
B. Last Dynode Output From HV Divider
Typically, the event-timing trigger is acquired by discriminating the energy signal from the anode output. Due to the multianode output structure in the PS-PMT, the electronics is simplified by taking the timing from one dynode output rather than from the sum of multianode signals.
The last dynode is chosen for taking event timing because: a) The dynode signal is synchronous with anode output so it can be chosen for anode timing measurement [10] .
b) The signal taken from the last dynode has an amplitude comparable to that from the anode. It has a higher signal-tonoise ratio (SNR) than the other dynodes. 
C. Fast-Slow Preamplifier Design
The fast-slow preamplifier design is generally used in PET front-end electronics. The slow circuits are for position locating by integrating the anode outputs up to 800 ns in BGO scintillator applications [11] . The fast circuits are for timing processing to trigger the possible coincidence event.
The position preamplifiers usually employ wideband JFET input operational amplifiers because of their reduced input bias current. When precision is required, JFET amplifiers are generally inadequate due to their relatively higher input offset voltage and drift [12] . Based on this consideration, we use high precision voltage-feedback amplifiers (VFAs) in the position charge sensitive preamplifier circuits.
In order to respond quickly to event timing, we chose the high bandwidth and ultrafast setting time current-feedback amplifiers (CFAs) in our timing amplifier circuits. Compared with VFAs, CFAs have very low inverting input impedance, so they are less affected by inverting input capacitance [13] . This specification meets our needs because we know the phase shift caused by the PMT capacitance is often a source of instability.
II. MATERIALS AND METHODS
The front-end electronics in our new detectors include crossed anode read-out circuits, modified HV dividers, position preamplifier circuits with VFAs, and timing preamplifier circuits with CFAs.
A. Position Read-Out Configuration
Each detector module with 2 2 PS-PMTs has individual position circuits. Fig. 1 illustrates the schematic for a module with four PS-PMTs ( , and ). The multi-anode wires of PS-PMTs and ( and ) are combined through common resistive dividers. The anode wires of PS-PMTs and ( and ) are combined through common dividers. Eight charge sensitive preamplifiers ( ) integrate the output signals from each end of the resistor chain. After four sum circuits, we have four (
, and ) outputs for position identification. ). In order to achieve a high SNR, the sum amplifiers are placed after the integrators.
The event position can be located by
Each integrator in Fig. 1 is the classical second-order model with a fast VFA, a feedback resistor , and a charge storage capacitor . The feedback resistor ( 1 M ) discharges ( 1.2 pF) in continuous operation. also gives the dc negative feedback to stabilize dc working points.
Only VFAs are suitable for integration purposes. The low bias current, high precision VFAs CLC420 and the latest LT1880 [12] were tested for our integrator circuits.
B. Last Dynode Timing Output Setup
The Hamamatsu HV divider for R7600-C12 PS-PMT was modified in order to read out a signal from the last dynode for event timing. Fig. 2 shows the schematic.
The main problem with this modification is how to obtain the signal from the last dynode without disturbing the anode signals. Compared with the manufactured HV divider circuit, three 0.01 F decoupling capacitors were changed from series decoupling to parallel. Fig. 2 shows a 200 resistor connected before the dynode output. This resistor needs to be large in order to output a high amplitude signal with a higher SNR. On the other hand, if it is too large-the voltage across it exceeds a few volts-the dynode output could disturb the anode signals. When a 50 characteristic impedance coaxial cable is selected to transmit the dynode signal, a resistor of 200 to 300 is appropriate [10] . Because the last dynode still has about 30 V (negative) voltage potential, a high voltage capacitor (0.02 F in Fig. 2 ) is used to ac couple the dynode output. The signal from the dynode has an opposite polarity from that of the anode.
The CFA CLC450 (shown in Fig. 3 as transimpedance amplifier) was chosen to convert dynode current output to a fast response voltage signal. Compared with VFA, CFA with transimpedance setting gives a signal with a faster leading edge so it is ideal for accurate timing. Another important feature of Fig. 3 . This is schematic of timing amplifiers with transimpedance configuration. Sum and buffer amplifier is CLC420. Fig. 4 . This is the configuration map of one detector array. Each array has four modules. Every module has four detector units.
CFA is that its inverting input impedance is very small. So CFA has much less sensitivity to inverting input capacitance [13] . With transimpedance setting (inverting mode as converter), CFAs are suitable for compensating the capacitance from PMT output. In practice, a small value feedback capacitor between 1.0 pF to 5.0 pF is used to compensate for PS-PMT output capacitance. The feedback resistor is 1 K . As shown in Fig. 3 , each current output ( , and ) from a PS-PMT last dynode is converted to a voltage signal ( , and ) by the transimpedance amplifiers. The timing trigger ( ) of one detector module is simply the sum of these four voltage outputs.
Combining this timing scheme with the position read-out arrangement, one detector module with four PS-PMTs looks exactly like a four times larger PS-PMT-it has four ( , and ) position outputs and one timing output.
C. Detector Array, Module, and Unit Configuration
Pileup effect with a number of PS-PMTs in combination [9] was one issue we had to consider in our detector structure design. Because our BGO scintillation crystal has a complex dual- layer structure, the readout circuits should be capable of identifying all crystal elements. Detecting position accuracy was therefore another issue we were concerned with. Fig. 4 shows our detector array, module, and unit structure.
The PEM or ANIPET system is constructed with two detector arrays. Each detector array is divided into four ideal modules. Each module consists of four detector units. The basic detector unit is designed as a "field-replaceable-unit."
Each detector module has its own position and timing electronic circuits with ( , and ) and a timing trigger output. Signals from each module in one detector array can coincide with any module in another detector array. The coincidence events in different module pairs can be processed simultaneously.
An individual detector unit is shown in Fig. 5 , which includes a BGO dual-layer crystal, PS-PMT R7600-C12, the HV divider, and the anode read-out resistor chain circuits. The dimensions of an uncut crystal are 22 mm 22 mm 20 mm. Each crystal block has been pixelated into small elements of 2.1 mm 2.1 mm (2.2 mm pitch) on two opposite faces. The elements on one face of the block offset by half the crystal pitch from those on the opposite face in both and dimensions. The depths of proximal and distal layer are 11.5 mm and 6.5 mm, respectively. The space between the proximal and distal layers is 2 mm. The 1.1-mm-width outer elements in the distal layer are removed after the crystal block is cut.
D. Circuit Performance Evaluation
The Spice simulation software "Circuit Simulator" (an enhanced version of Berkeley SPICE3f5/Xspice) which is embedded in Protel 99/SE was applied to verify the schematic design. The printed circuit boards for two detector modules were built and tested.
A side irradiation method was applied to evaluate the performance of position and timing circuits. Fig. 6 illustrates the side irradiation setup. A Ge (511 keV) source was collimated by two lead bricks to irradiate only the proximal or distal elements of the BGO crystal block for side irradiation experiments.
List mode data with 12 bits digitized ( , and ) were acquired to generate 2-D images of the crystal arrays and energy spectra for circuit performance evaluation. 
III. RESULTS
The crystal identification images [ Fig. 7(a) ] were acquired by irradiating the crystal proximal layer (closest to the PMT) with a collimated source ( Ge). An intensity profile [ Fig. 7(c) ] along the white horizontal spline [ Fig. 7(a) ] shows clear separation of the crystal elements. Fig. 7(b) shows the image of the distal layer (far from the PS-PMT) with the same irradiation setup. Fig. 7(d) displays the profile along the white horizontal spline [ Fig. 7(b) ]. All crystal elements 10 10 in the proximal layer, and 9 9 in the distal layer can be identified. The average peak to valley ratio of proximal layer is 4.3. It is 2.1 for the distal layer.
The summed energy the spectra of crystal block's proximal and distal layers (side-irradiation), as well as the dual layers (front flood irradiation) with Ge source are shown in Fig. 8 . The spectra of two crystal elements, one from the proximal layer [white circle in Fig. 7(a) ] and another from the distal layer [in Fig. 7(b) ] are shown in Fig. 9 . The relative energy resolution of the proximal layer element (FWHM/Peak) is about 27%. The relative energy resolution of the distal layer element is about 29%.
In order to specify the spectra differences related to the proximal or distal layer in which the photon interaction occurred, the amplifier gains and PMT high voltages setting were kept the same during these experiments. Fig. 8 . These are the summed energy spectra over all the proximal and distal layer crystals (side irradiation) and all dual layer crystals (front flood irradiation) with a Ge source. Fig. 9 . These are the energy spectra resulting from irradiating the proximal and distal layers for the two individual crystal elements (shown in Fig. 7 ) with a Ge source. Fig. 10 . This is the BGO crystal front-flood irradiation image with a Ge source. The relative energy threshold (as shown in Fig. 8 ) is arranged from 62 to 255.
IV. DISCUSSION Fig. 10 shows an initial result of a crystal identification image from front-flood irradiation with Ge. In this image, the proximal elements can be clearly identified. As revealed by Fig. 11 , the distal elements are accentuated by applying an energy-banding technique [14] . Because there is a proximal-distal element overlap in the flood irradiation images, this will make it difficult to assess the depth of interaction information. We Fig. 11 . This is the BGO crystal front-flood irradiation image generated from the same list file as Fig. 10 , but the relative energy threshold is banded from 62 to 94.
have been investigating some other methods intended to better identify the crystal elements. An approach on trial is to reduce the 2 mm interconnecting segment, since this segment could be a cause of the proximal-distal element overlap.
It is very important in PEM scanners to make the sensitive area of the detector extend to their physical edges. This allows improved imaging near the patient's chest wall, and the detectors to be packed without gaps in the sensitive area. So far we have used axial through-hole resistors and HV ceramic disc capacitors to build our HV divider circuits. The axial dimensions can be reduced by applying surface mount resistors and capacitors.
A method of simplifying the electronic processing channels by combining four PS-PMTs has been proposed. One consideration in our circuits is to modify the charge sensitive preamplifiers (Fig. 1) . While the rising edge of the preamplifier output is mainly defined by the value of and the amplifier bandwidth, the falling edge is defined by and . In order to integrate over 300 ns (the BGO primary decay time), is very large, normally above 1 M . Since the falling edge of the integrator output is quite slow with a timing constant over 1 s, other discharge schemes, such as applying an analog switch [11] and using an additional noninverting low-gain amplifier [15] , will be tried in future experiments.
